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Abstract 


This  article  describes  the  results  of  shock  wave  experiments  performed  on  a  heavy 
tungsten  alloy  containing  W,  Ni,  and  Fe  in  the  ratio  of  92.85:4.9:2.25  by  weight.  These 
experiments  provide  information  about  the  shear  strength  under  compression  and  tensile 
strength,  as  measured  by  the  spall  threshold,  of  this  alloy  to  24  GPa.  The  results  of  these 
experiments  show  that:  (i)  the  magnitude  of  its  Hugoniot  elastic  limit  (HEL)  is  2.76  + 
0.26  GPa;  (ii)  this  alloy  deforms  plastically  above  its  HEL  and  thus  retains  its  shear 
strength  to  24  GPa;  (iii)  the  spall  strength  of  the  alloy  is  found  to  be  1.9  ±  0.4  GPa  and  is 
independent  of  the  impact  stress  and  duration  of  the  shock  compression  pulse;  and 
(iv)  the  tensile  impedance  of  the  alloy,  determined  from  a  new  experiment  designed  to 
measure  this  impedance,  is  68  ±  10  Gg/m^  s. 


PERGAMON 


lIVTERNATIONAL  JOURNAL  OF 

PlQstidty 

International  Journal  of  Plasticity  15  (1999)  1291-1309  . . . . :  ^ 


Shock  response  of  a  heavy  tungsten  alloy 

Dattatraya  P.  Dandekar*,  William  J.  Weisgerber 

us  Army  Research  Laboratory,  Aberdeen  Proving  Ground,  Maryland,  21005-5069,  USA 
Received  in  final  revised  form  4  August  1999 


Abstract 

This  article  describes  the  results  of  shock  wave  experiments  performed  on  a  heavy  tungsten 
alloy  containing  W,  Ni,  and  Fe  in  the  ratio  of  92.85:4.9:2.25  by  weight.  These  experiments 
provide  information  about  the  shear  strength  under  compression  and  tensile  strength,  as 
measured  by  the  spall  threshold,  of  this  alloy  to  24  GPa.  The  results  of  these  experiments 
show  that:  (i)  the  magnitude  of  its  Hugoniot  elastic  limit  (HEL)  is  2.76  ±  0.26  GPa;  (ii)  this 
alloy  deforms  plastically  above  its  HEL  and  thus  retains  its  shear  strength  to  24  GPa;  (iii)  the 
spall  strength  of  the  alloy  is  found  to  be  1.9  ±0.4  GPa  and  is  independent  of  the  impact  stress 
and  duration  of  the  shock  compression  pulse;  and  (iv)  the  tensile  impedance  of  the  alloy, 
determined  from  a  new  experiment  designed  to  measure  this  impedance,  is  68  ±  10  Gg/m^  s. 
©  1999  Elsevier  Science  Ltd.  All  rights  reserved. 
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1.  Introduction 

Heavy  tungsten  alloy  is  a  composite  material.  It  consists  of  two  phases,  namely,  a 
predominantly  tungsten  phase  (in  body-centered-cubic  phase)  and  a  matrix  phase 
composed  of  W,  Ni,  and  Fe  (in  face-centered-cubic  phase).  Tungsten  is  alloyed  to 
improve  its  ductility  under  compression  and  tension  in  comparison  to  that  of  pure 
polycrystalline  tungsten.  The  improvement  in  ductility  under  shock  compression  is 
indicated  by  the  magnitude  of  shear  stress  sustained.  Under  tension  it  is  measured  by 
the  magnitude  of  spall  threshold.  This  work  was  undertaken  to  determine  both  of  these 
properties  of  a  tungsten  alloy  containing  W,  Ni,  and  Fe  in  the  ratio  of  92.85:4.9:2.25  by 
weight  under  shock  loading  condition,  compared  with  those  of  pure  polycrystalline 
tungsten  (Dandekar,  1976;  Asay  et  al.,  1980;  Zurek  and  Gray  III,  1991),  and  other 
heavy  tungsten  alloys,  annealed  93W  (Baoping  et  al.,  1994),  90  W-7  Ni-3  Fe  (Hauver, 
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1980;  Zurek  and  Gray  III,  1991;  Chang  and  Choi,  1998)  and  Kennertium  Grade  W-2 
consisting  of  tiyigsten,  nickel,  iron,  copper,  and  cobalt  (Gaeta  and  Dandekar,  1988). 


2.  Material 

Tungsten  alloy  used  in  the  present  work  is  manufactured  by  Teledyne.  The  nom¬ 
inal  composition  of  this  material,  provided  by  the  vendor,  is  given  in  Table  1.  The 
processing  history  of  this  alloy,  as  reported  by  its  manufacturer,  is  as  follows.  An 
elemental  mixture  of  tungsten,  nickel,  and  iron  powders  was  isostatically  pressed  at 
207  MPa  and  room  temperature.  This  pressed  material  was  then  sintered  in  a 
molybdenum  wound  furnace  at  1793  K  in  a  dry  hydrogen  atmosphere  to  prevent 
oxidation  of  the  elemental  powder  surfaces.  The  sintered  material  was  then  vacuum- 
annealed  at  1273  K  for  10  h  to  remove  the  adsorbed  hydrogen.  The  annealed  mate¬ 
rial  was  subsequently  heated  in  an  inert  gas  atmosphere  to  1373  K  and  kept  at  this 
temperature  for  1  h  before  being  water-quenched.  The  quenched  material  was  then 
machined  into  a  bar  shape  and  swaged  to  a  17%  reduction  in  area.  The  micro¬ 
structure  of  this  material  consists  of  nearly  equiaxed  tungsten  grains  dispersed  in 
(surrounded  by)  the  matrix  phase  consisting  of  tungsten,  nickel  and,  iron.  There  is 
no  difference  in  the  microstructure  of  this  alloy  when  viewed  in  the  axial  and  radial 
direction  of  the  as  received  bar.  This  indicates  that  the  process  of  swaging  did  not 
deform  the  tungsten  grain  preferentially  (Fig.  1).  The  nominal  composition  (in 
weight  percentage)  of  the  matrix  phase  is  reported  to  be  W  (25),  Ni  (50),  and  Fe  (25) 
(Ekbom,  1981;  Hofmann  and  Petzow,  1984;  O’Donnell  and  Woodward,  1990).  The 
grain  size  of  tungsten  varies  between  25  and  28  pm  (Weerasooriya  and  Moy,  1998). 


Table  1 

Nominal  composition  and  properties  of  polycrystalline  tungsten  (W),  93  W,  93W(A),  (90  W),  and  W-2 


Item 

Units 

W 

93W 

93W  (A) 

90  W 

90  W 

W-2 

Lowrie  and 

Baoping 

Hauver 

Chang  and 

Gaeta  and 

Gonas  (1965) 

et  al.  (1994) 

(1980) 

Choi  (1998) 

Dandekar  (1988) 

Composition 

Weight 

percentage 

96.96-97.44 

Tungsten 

99.99 

92.85 

93 

90 

90 

Nickel 

4.9 

4 

7 

7 

1.35-1.55 

Iron 

2.25 

3 

3 

3 

0.65-0.79 

Copper 

0.48-0.58 

Cobalt 

0.08-0.12 

Swaged 

Percentage 

Unknown 

17 

Annealed 

25 

24 

Unswaged 

Density 

Gg/m^ 

19.257  ±0.004 

17.75±0.05 

17.6 

17.068  ±0.045 

17.1 

18.51  ±0.03 

Elastic  wave 
velocity 

km/s 

5.18±0.02 

Longitudinal 

5.21 6  ±0.005 

5,18  ±0.05 

not  reported 

5.08 

5.11 

Shear 

2.883  ±0.001 

2.81  ±0.04 

not  reported 

2.72 

- 

2.84  ±0.02 

Poisson’s  ratio 

0.280  ±0.001 

0.292  ±0.019 

not  reported 

0.298 

- 

0.285  ±0.012 
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The  measured  density  of  the  tungsten  alloy,  hereafter  referred  to  as  93W,  is 
17.75  ±0.05  Mg/m^.  The  density  of  vacuum  annealed  tungsten  alloy  [93W(A)]  with  a 
similar  composition  is  reported  to  be  17.6  Mg/m^  (Baoping  et  al.,  1994).  The  values 
of  longitudinal  and  shear  elastic  wave  velocities  in  93W,  measured  by  an  ultrasonic 
wave  velocity  technique,  are  5. 18  ±0.05  and  2.81  ±0.04  km/s,  respectively.  These 
values  of  the  elastic  wave  velocities  are  not  significantly  different  from  those  in 
poly  crystalline  tungsten  and  W-2  alloy  but  the  values  of  their  elastic  constants  differ 
due  to  the  differences  in  their  densities  (Table  1).  The  density  of  the  matrix  phase  is 
reported  to  be  9.2  Mg/m^.  The  values  of  longitudinal  and  shear  elastic  wave  velo¬ 
cities,  and  Poisson’s  ratio  for  this  phase  are  6.03  and  3.2,  and  0.29  km/s,  respectively 
(Zhou  et  al.,  1992). 


3.  Experiments 

Plane  shock  wave  experiments  were  performed  on  a  10  cm  diameter  single-stage 
gas  gun  facility  at  the  US  Army  Research  Laboratory.  Plane  shock  wave  in  a 
material  is  generated  by  impacting  it  with  a  fiat-faced  projectile  propelled  by  pres¬ 
surized  helium  gas.  Two  types  of  experiments  were  conducted  on  93W.  These  were 
transmission  experiments  with  or  without  a  window  material  bonded  behind  a  speci¬ 
men  of  93W  and  direct  impact  experiments.  The  transmission  experiments  provided 
information  about  the  nature  of  wave  propagation  and  spall  threshold  (i.e.  tensile 
strength  of  93W).  The  direct  impact  experiments  provided  information  about  the 
shock  compressed  state  and  release  therefrom  in  this  alloy  without  requiring  any 
information  about  its  physical  or  mechanical  properties.  Asay  et  al.  (1980),  and 
Gaeta  and  Dandekar  (1988)  gave  details  of  the  conventional  transmission  experi¬ 
ments  and  direct  impact  experiments. 
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During  this  investigation,  a  new  experiment  was  designed  to  obtain  the  effective 
tensile  impedance  of  a  material.  The  magnitude  of  tensile  impedance  of  the  material 
is  needed  to  calculate  the  spall  threshold  (tensile  strength)  from  the  pull-back  parti¬ 
cle  velocity  recorded  in  the  shock  wave  profile.  A  generally  accepted  practice 
assumes  its  value  based  on  the  observed  deformation  behavior  of  the  material  under 
shock  compression  and  release,  which  is  then  used  in  the  calculation  of  the  spall 
threshold  of  the  material.  Dandekar  (1996),  and  Dandekar  and  Weisgerber  (1998) 
describe  the  design  of  this  new  experiment.  The  new  experiment  is  described  here 
with  the  help  of  Figs.  2  and  3.  Briefly,  a  pair  of  simultaneous  spall  experiments  is 
conducted  on  93W,  in  which  the  impactees/targets  and  the  impactors  are  the  same 
material  (Fig.  2).  The  targets  are  thicker  than  the  impactors.  In  one  of  these  experiments, 
particle  velocity  is  monitored  at  the  free  surface  of  the  material  [Fig.  2(a)],  whereas,  in 
the  companion  experiment,  particle  velocity  is  monitored  at  the  material— window  inter¬ 
face  [Fig.  2(b)].  The  window  material  is  transparent  and  its  impedance  is  much  lower 
than  the  target  material.  Further  it  is  assumed  that  shock,  release,  and  reshock  response 
of  the  window  material  is  fully  known.  The  window  material  used  in  the  present 
work  is  PMMA.  In  addition  the  design  of  the  experiment  requires  that  the  tensile 
stress  generated  in  both  stationary  targets  exceed  the  spall  threshold  of  the  target 
material.  The  associated  X-t  diagram  and  stress((T)-particle  velocity  (w)  diagrams 
for  both  configurations  of  the  experiment  are  shown  in  Figs.  2(c)  and  3,  respectively. 
Fig.  3(a)  and  3(b)  shows,  respectively,  a  —  u  diagrams  for  the  cases  when  the  target 
material  spalls  and  when  it  does  not.  In  the  following  description  of  the  chron¬ 
ological  events  taking  place  in  the  target  and  the  impactor  it  is  assumed  that  the 
target  spalls. 

As  a  result  of  an  impact  with  a  velocity  of  mq,  compressive  stress  waves  of  magni¬ 
tude  <71  [shown  as  state  1  in  Fig.  2(c)]  are  generated  in  both  the  impactor  and  the 
target  and  they  propagate  away  from  the  respective  impact  surfaces.  These  two 


(a) 


(b) 


Fig.  2.  Configuration  of  shock  wave  experiment  to  measure  tensile  impedance  (a)  and  (b),  and  (c)  asso¬ 
ciated  x-t  diagram. 
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compressive/shock  waves  are  denoted  by  5_  and  s+,  respectively  in  Fig.  2(c)  and  are 
represented  by  the  segments  uo  -  cX]  and  0  -  o-i ,  respectively  in  Fig.  3(a).  Subsequent 
reflections  of  these  shock  waves  at  the  free  surface  of  the  impactor  at  time  ti  and  at 
the  free  surface  of  the  target  or  at  target-window  interface  at  time  ti  result  in  pro¬ 
pagation  of  release  waves  traveling  back  toward  the  impact  surfaces.  These  release 
waves  are  denoted  by  and  r_,  respectively  in  Fig.  2  (c).  The  release  wave  r+  is 
represented  by  segment  ct]  —  U2'  in  Fig.  3(a).  The  release  wave  r_  corresponding  to 
conflgurations  Fig.  2  (a)  and  (b)  are  represented  by  cri  —  U2  and  cri  —  cr^,  respectively 
in  Fig.  3(a).  The  release  states  attained  in  the  impactors  are  zero  stress  and  particle 
velocity  of  magnitude  U2' .  The  release  state  attained  at  the  free-surface  of  the  target 


a 


a 


Fig.  3.  Stress-particle  velocity  diagram,  (a)  if  material  spalls  and  (b)  if  material  remains  intact  under 
tension. 
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is  zero  stress  and  particle  velocity  of  magnitude  U2  for  the  configuration  Fig.  2(a)  [see 
Fig.  3(a)].  The  corresponding  release  state  attained  at  the  target-window  interface 
for  the  configuration  Fig.  2(b)  is  stress  (as)  and  particle  velocity  (ms).  These  two 
release  waves,  propagating  towards  each  other  interact  at  some  depth  in  the  target 
generating  tensile  stress  waves  (T+  and  r_)  in  it  at  time  t4  [Fig.  2  (c)].  If  the  tensile 
stress  generated  exceeds  the  tensile  strength  (ct-)  of  the  material,  then  a  free  surface 
[shown  by  a  vertical  dashed  line  in  Fig.  2  (c)]  is  generated  in  the  region  of  this 
interaction  in  the  target.  Fig.  3(a)  represents  the  two  tensile  waves  T+  and  T-  by 
segments  U2  -  cxt  and  wg  -  respectively  for  Fig.  2(a).  The  corresponding  tensile 
waves  for  Fig.  2(b)  are  represented  by  cr^  —  uy  —  cfj  and  <74  —  U4'  —  ay,  respectively  in 
Fig.  3(a).  Implicit  in  this  statement,  is  that  the  impedance  of  the  window  is  very 
close,  but  distinctly  different,  from  that  of  the  free  surface  and  as  a  consequence  will 
not  significantly  influence  the  calculated  value  of  the  tensile  impedance  of  the  mate¬ 
rials,  even  though  the  segments  <73  —  uy  and  cr4  — 114’  transverse  the  compressive  stress 
region.  The  generation  of  a  free  surface  in  the  spalled  target,  results  in  a  shock  wave 
propagating  back  toward  the  free  surface  of  the  target  or  the  target— window  inter¬ 
face.  This  shock  wave  is  represented  by  or  for  the  configuration  Fig.  2(a)  in 
Fig.  3(a).  And  it  is  represented  by  oy  -  uy  for  the  second  configuration  in  Fig.  3(a). 
Subsequent  interactions  are  not  relevant  for  the  purpose  of  this  new  experiment.  If, 
on  the  other  hand,  the  tensile  stress  generated  is  smaller  than  the  tensile  strength  of 
the  material,  then  tensile  stress  waves  of  magnitudes  an  and  an  propagate  for 
configurations  (a)  and  (b),  respectively,  toward  the  impact  surface  of  the  target  and 
the  free  surface  of  the  target  and  the  target-window  interface.  In  either  case  target 
and  impactor  separate  at  time  ts,  because,  a  tensile  wave  can  not  be  transmitted 
through  a  material  discontinuity. 

If  the  material  spalls  at  ay  [Fig.  3(a)],  the  chronological  excursions  of  recorded 
particle  velocity  at  the  free  surface  of  the  target  due  to  the  above  described  wave 
propagations  and  their  interactions  are  M2,  M8.andM9.  Similarly,  the  chronological 
excursion  of  the  corresponding  stress-particle  velocity  excursions  monitored  at  the 
target-window  (PMMA)  interface  due  to  the  above  described  wave  propagations 
and  their  interactions  are  (as,  1/3),  (a4, 114),  and  (as,  uf).  If  the  material  does  not  spall, 
then  the  tensile  stresses  an  ^nd  an  2.re  generated  in  such  a  simultaneous  experiment 
[Fig.  3(b)].  The  chronological  excursions  of  particle  velocity  at  the  free  surface  are  U2 
and  Uy  and  the  chronological  excursions  of  stress  and  particle  velocity  at  the  target- 
window  (PMMA)  interface  are  (as,  M3),  and  {ay,  uy)- 

Assuming  that  (i)  the  material  spalls  at  ay,  (ii)  the  effective  tensile  paths  are  linear, 
(iii)  the  Hugoniot,  release,  and  re-shock  behaviors  of  the  window  material  are 
known,  and  (iv)  the  magnitudes  of  (ms  —  ug)  and  (M3'  —  M4')  are  the  same,  the  spall 
stress  (ar)  is  given  by 

ay  =  —0.5Zy(U2  —  Mg)  =  — 0.5Z7'(M3'  —  M4').  (1) 

And  the  spall  stress  is  given  by 

ay  =  Zyuy  -H  as  -  Zyug,  along  as  -  ay  and  (2) 
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aj  =  —Zjut  +  04  +  Zyun,  along  0-4  —  oj-  (3) 

Eqs.  (1),  (2),  and  (3)  yield 

Zt  =  (0-3  +  o-4)/(m8  -  W2  +  M3  -  M4)  and,  (4) 

Ot  =  -0.5(or3  +  cr4)(W2  -  Uz)/{uz  -  «2  +  M3  -  M4).  (5) 

Thus,  Eqs.  (4)  and  (5)  provide  the  magnitudes  of  effective  tensile  impedance  and 
spall  threshold  for  the  material  from  the  values  of  stress  and  particle  velocities 
measured  during  the  performance  of  the  simultaneous  experiment  previously 
described.  PMMA  was  used  as  the  window  material  in  this  work  for  its  low  impe¬ 
dance  and  transparency.  The  Hugoniot  of  this  material  is  well  known  and  reported 
by  Barker  and  Hollenbach  (1970)  and  McQueen  et  al.  (1970).  In  addition,  its  shock- 
release-reshock  response  was  reported  by  Dandekar  et  al.  (1988). 

Shock  wave  experiments  were  performed  on  right  circular  disks  of  93W.  The  dia¬ 
meters  of  the  disks  were  31.5  ±  1  mm.  The  disk  thicknesses  varied  between  3  and  9 
mm.  The  specimens  were  flat  to  5  pm  and  the  opposing  faces  were  mutually  parallel 
to  better  than  2  parts  in  10“"^  over  the  entire  lateral  dimension  of  the  specimens. 
Materials  used  as  an  impactor  in  these  experiments  were  Z-cut  sapphire  (AI2O3), 
copper  (OFHC),  x-cut  quartz,  and  93W.  Stress  in  93W  was  measured  by  an  x-cut 
quartz  gage.  The  particle  velocities  were  measured  by  a  four-beam  velocity  inter¬ 
ferometer  system  for  any  reflector  (four-beam  VISAR).  The  precision  of  stress 
measurements  by  means  of  x-cut  quartz  gage  is  3%.  The  precision  of  particle  velo¬ 
city  measurements  by  means  of  the  VISAR  is  estimated  to  be  1%.  The  planarity  of 
the  impact  was  better  than  0.5  mrad.  The  impact  velocities  in  these  experiments  were 
measured  within  an  uncertainty  of  0.5%. 


4.  Results 

A  summary  of  the  results  obtained  from  the  plane  shock  wave  transmission 
experiments  is  given  in  Table  2.  Representative  transmission  wave  profiles  recorded 
in  93W  are  shown  in  Fig.  4. 

4.1.  Elastic  compression 

It  is  seen  from  Fig.  4  that  the  elastic  precursor  in  this  alloy,  unlike  in  a  single 
component  ductile  material,  is  sometimes  dispersive  even  when  the  rise  time  does 
not  exceed  20  ns.  Whenever  a  well-defined  cusp  corresponding  to  the  Hugoniot 
elastic  limit  (HEL)  is  missing  in  the  wave  profile,  the  value  of  particle  velocity  at 
which  a  break  in  the  initial  dispersivity  of  loading  occurs,  is  taken  to  be  at  HEL.  The 
average  value  of  HEL  obtained  from  these  experiments  is  2.76  ±0.26  GPa.  The  large 
uncertainty  in  the  value  of  the  HEL  is  partly  due  to  the  difficulty  in  identification  of 
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Table  2 


Summary  of  shock  experiments  on  93W 


Experiment 

Thickness 

Impact 

velocity 

(km/s) 

Elastic 

Plastic 

Number 

Impactor/ 

window 

Impactor  Target 
(mm)  (mm) 

Particle 

velocity 

(km/s) 

Stress 

(GPa) 

Density 

(mg/m^) 

Shock 

velocity^ 

(km/s) 

Stress 

(GPa) 

Particle 

velocity 

(km/s) 

Density 

(mg/m^) 

501-1 

Al203/None 

1.955 

2.004 

0.2488 

0.0340 

3.12 

17.86 

4.19 

7.16 

0,088 

18.10 

501-2 

AI2O3/PMMA 

1.953 

2.001 

0.2488 

0.0315 

2.89 

17.86 

4.14 

7.12 

0.089 

18.10 

446-1 

93W/None 

3.903 

8.994 

0.5116 

0.0336 

3.09 

17.86 

4.33 

20.28 

0.2558 

18.83 

446-2 

93W/None 

1.985 

3.000 

0.5116 

0.0330 

3.03 

17.86 

4.30 

20.13 

0.2558 

18.84 

324 

93W/PMMA 

2.992 

5.971 

0.6045 

0.0277 

2.55 

17.84 

4.32 

23.71 

0.3022 

19.05 

320-1 

93W/None 

2.978 

6.106 

0.4105 

0.0275 

2.53 

17.84 

4.21 

15.89 

0.2052 

18.63 

320-2 

93W/PMMA 

2.976 

6.111 

0.4105 

0.0275 

2.53 

17.84 

4.20 

15.86 

0.2052 

18.63 

316-1 

93W/None 

2.969 

6.113 

0.2478 

0.0313 

2.87 

17.85 

4.20 

9.82 

0.1239 

18.26 

316-2 

93W/PMMA 

2.981 

6.112 

0.2478 

0.0300 

2.76 

17.85 

4.18 

9.77 

0.1239 

18.26 

311-2 

93W/PMMA 

2.970 

5.953 

0.2473 

0.0265 

2.44 

17.84 

4.20 

9.51 

0.1237 

18.27 

305-2 

AI2O3/PMMA 

2.999 

2.997 

0.2079 

0.0265 

2.43 

17.84 

3,98 

5.93 

0.0747 

18.05 

305-3 

Quartz/Quartz 

4.315 

2.390 

0.2079 

0.0284 

2.72^ 

17.84 

220 

OFHC/PMMA 

3.134 

6.092 

0.3143 

0.0260 

2.390 

17.84 

4.10 

8.03 

0.1030 

18.18 

“  Effective  velocity  in  elastically  deformed  93 W. 
^  Stress  recorded  by  a  x*cut  quartz  gage. 


the  particle  velocity  at  which  a  break  in  the  initial  dispersive  rate  of  loading  is 
observed.  The  precision  of  such  a  measurement  for  a  nondispersive  elastic  precursor, 
based  on  the  uncertainties  in  the  measurements  of  density,  longitudinal  wave  velo¬ 
city,  and  particle  velocity  is  estimated  to  be  1.4%.  The  error  associated  with  the 
values  of  density  at  the  HEL  is  4%  .  Elastic  precursors  in  polycrystalline  tungsten 
(Asay  et  al.,  1980)  and  in  an  annealed  tungsten  alloy  of  a  similar  composition  alloy 
such  as  93W  (Baoping  et  al.,  1994)  showed  similar  dispersions.  Baoping  et  al.  (1994) 
found  that  the  free  surface  velocities  corresponding  to  HEL  decreased  from  0.072 
km/s  in  a  specimen  of  thickness  1.88  mm  to  0.044  km/s  in  a  specimen  of  thickness 
11.68  mm.  The  present  work  does  not  show  any  evidence  of  an  attenuation  of  the 
elastic  precursor  in  93W.  For  example,  in  experiments  446-1  and  446-2  conducted 
simultaneously  on  two  specimens  with  thickneses  8.99  and  3.00  mm,  the  values  of 
HEL  are  3.09  and  3.03  GPa,  respectively.  These  magnitudes  of  HEL  correspond  to 
0.067  and  0.066  km/s  as  the  free  surface  velocity  for  93W. 

4.2.  Inelastic  compression 

The  magnitude  of  the  shock  velocity,  following  the  elastic  precursor,  lie  between 
3.98  and  4.33  km/s  (Table  2).  It  tends  to  increase  with  an  increase  in  the  value  of  the 
peak  stress.  These  values  are  comparable  to  the  value  of  bulk  sound  speed 
4.04  ±0.10  km/s  in  93 W  calculated  from  the  longitudinal  and  shear  elastic  wave 
velocities  for  this  alloy  given  in  Table  1.  This  implies  that  93W  retains  its  shear 
strength  above  the  HEL  (Graham  and  Brooks,  1971),  and,  as  such,  this  alloy 
deforms  plastically  above  its  HEL.  This  information  is  used  to  calculate  the  free 
surface  velocities  or  the  particle  velocities  at  the  alloy-PMMA  window  interface  to 
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1.50  2,00  2.50  3.00  3.50 

Time  (^s) 

Fig.  4.  Representative  particle/free  surface  velocity  profiles  in  93 W. 


validate  the  inference  about  the  plastic  deformation  of  the  tungsten  alloy  above  its 
HEL.  The  calculated  values  of  the  free  surface  velocities  and  the  particle  velocities  at 
the  alloy-PMMA  window  interface  are  compared  with  their  respective  measured 
values  in  Table  3.  This  table  shows  that  the  calculated  values  of  the  particle  velo¬ 
cities  and  their  measured  values  are  within  4.5%  for  all  transmission  experiments 
(e.g.  within  the  error  of  measurements).  This  supports  the  inference  that  the  inelastic 
deformation  of  93W  under  compression  and  release  proceeds  in  the  manner  of  an 
elastic-plastic  solid.  A  direct  impact  experiment  was  conducted  to  obtain  values  of 
stress  (o-)-particle  velocity  (w)  coordinates  under  shock  compressed  and  release  states 
at  the  impact  surface  of  a  93W  specimen.  In  this  experiment  a  specimen  of  93W 
impacted  a  1  mm  thick  tungsten  carbide  disk  bonded  to  a  x-cut  quartz  gage  with  a 
velocity  of  0.247  km/s.  The  Hugoniot  of  the  tungsten  carbide  reported  by  Karnes 
(1972  unpublished)  was  used  to  analyze  the  stress  data  recorded  by  the  quartz  gage. 
The  results  of  this  experiment  yielded  the  shock  and  release  (a,  m)  coordinates  as 
(10.77,  0.1360),  and  (3.68,  0.0513),  respectively.  Stress  and  particle  velocity  are  in  the 
units  of  GPa  and  km/s,  respectively.  These  coordinates  are  consistent  with  the 
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Table  3 

Measured  and  calculated  particle  velocities  in  transmission  experiments  on  93W  tungsten  alloy 
Experiment  Particle  velocity  (km/s)  Difference  % 


Measured 


501-1 

0.166 

501-2^ 

0.164 

446-1 

0.5105 

446-2 

0.5012 

324^ 

0.5454 

320-1 

0.3946 

320-2^ 

0.3693 

316-1 

0.2304 

316-2^ 

0.2234 

311-2^ 

0.2209 

305-2^ 

0.1292 

220^ 

0.1846 

Calculated 


0.169 

1.8 

0.162 

1.2 

0.5052 

1.0 

0.5050 

0.7 

0.5696 

4.4 

0.4040 

2.4 

0.3840 

4.0 

0.2407 

4.0 

0.2295 

2.7 

0.2299 

4.0 

0.1340 

bo 

0.1899 

2.8 

“  Particle  velocity  at  the  tungsten  alloy-PMMA  interface. 


compression  (Fig.  5)  and  release  behavior  of  93W  as  measured  by  its  release  impe¬ 
dance  obtained  from  transmission  experiments  (Table  4). 

Since  the  deformation  of  93W  above  its  HEL  proceeds  plastically,  an  estimate  can 
be  made  of  the  magnitude  of  shear  stress  sustained  by  the  alloy  and  associated 
longitudinal  plastic  strain  induced  in  it  as  a  function  of  impact  stress.  Such  an  esti¬ 
mation  can  be  done  in  three  ways  (Asay  et  ah,  1980):  (i)  by  comparison  of  long¬ 
itudinal  stress  states  with  hydrostatic  response,  (ii)  by  differential  relation  for  shear 
stress,  and  (iii)  by  self-consistent  determination  of  shear  stress.  Since  neither  the 
hydrostatic  response  nor  experimental  results  pertaining  to  the  third  method  are 
available  for  93W  at  the  present  time,  the  second  method  of  the  estimation  is 
adopted  for  calculating  the  magnitude  of  shear  stress  and  strain  under  shock  com¬ 
pression.  This  method  uses  the  observed  wave  profiles  to  calculate  shear  stress  and 
plastic  strain  by  using  the  differential  relation  between  longitudinal  stress  and  total 
strain.  This  method  depends  on  determining  density  states  (p)  i.e.  total  strain  (e)  in 
the  material  from  in  situ  stress  (cr)  histories  (Fowles  and  Williams,  1970)  given  by 

de  =  dcr/poC^,  and  (6) 

e  =  1  -  (Po/P). 

where  are  po,  and  p  are  the  initial,  and  final  densities,  respectively,  and  C  is  the 
Lagrangian  wave  velocity  corresponding  to  a  stress  increment  in  the  profile. 

And  by  using  the  relationship  (Fowles,  1961)  between  the  impact  stress  [cr{e)], 
shear  stress  [r{e)],  and  hydrodynamic  pressure  [F(e)]  at  a  given  strain  (e),  namely, 

(8) 


Tie)  =  0.75[a(e)  -  P(e)]. 


Experiment 


Leading  edge  release  wave  velocity  (km/s) 


Release  impedance  Gg/mh 


501-1 

5.25 

82 

501-2 

5.25 

83 

446-2 

5.37 

80 

324 

5.56 

88 

320-1 

5.30 

80 

320-2 

5.30 

88 

316-1 

5.10 

84 

316-2 

5.10 

90 

311-2 

5.21 

89 

305-2 

5.32 

100 

220 

— 

94 
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The  difFerential  equation  for  shear  stress  given  by  Eq.  (6)  can  be  expressed  in  the 
following  form  (Fowles,  1961) 

(dr/de)  =  (p/Po)m  -  0.75po[C|  -  C^]  (9) 

by  using  Eqs.  (7)  and  (8). 

In  relation  (9),  Cl  is  the  Lagrangian  longitudinal  elastic  wave  velocity  at  a  given 
strain,  and  n  is  the  shear  modulus.  The  accuracy  of  the  calculated  value  of  the  shear 
stress  as  a  function  of  strain  depends  on  the  knowledge  of  Cl  and  fx  of  the  material 
at  a  given  strain  state  during  shock  loading  or  unloading.  The  estimates  of  Cl 
obtained  from  the  transmission  wave  profiles  are  given  in  Table  4.  Since  the  value  of 
shear  modulus  of  93W  is  not  presently  available  as  a  function  of  pressure  or  strain 
its  value  at  the  ambient  condition  is  substituted  in  Eq.  9  to  calculate  values  of  the 
shear  stresses  given  in  Table  5.  These  values  underestimate  the  shear  stress  if  the 
strain  derivative  of  the  shear  modulus  is  positive. 

The  plastic  i.e.  strain  (ep)  in  terms  of  total  strain,  can  be  calculated  from  the  dif¬ 
ferential  relation  (Fowles,  1961), 

dep  =  2/3[de  -  dr/fx].  (10) 

The  calculated  values  of  shear  stress  and  plastic  strain  along  with  the  longitudinal/ 
impact  stress  and  total  strain  generated  in  93W  are  given  in  Table  5.  This  table 
shows  that  the  shear  stress  sustained  by  93W  increases  with  an  increase  in  the  impact 
stress.  The  results  obtained  for  experiments  305-2  and  220  appear  inconsistent  with 
those  of  other  10  experiments.  There  is  no  explanation  for  these  observed  incon¬ 
sistencies.  However,  replicability  of  the  estimates  of  impact  and  shear  stresses  and 
total  and  plastic  strains  is  quite  good  as  seen  from  the  results  of  simultaneous 
experiments  501,  446,  320  and  316.  The  magnitude  of  shear  stress  sustained  in  the 
compression-shear  experiments  conducted  in  93W  at  normal  impact  stress  between 
9.6  and  10.5  GPa  vary  between  1.2  and  1.3  GPa  (Zhou  et  al.,  1992).  Our  experiments 


Table  5 

Calculated  values  of  impact  and  shear  stresses  and  total  and  plastic  strains  in  93W 


Experiment 

Impact  stress  (GPa) 

Shear  stress  (GPa) 

Total  strain 

Plastic  strain 

501-1 

7.16 

1.16 

0.0195 

0.0075 

501-2 

7.12 

1.08 

0.0195 

0.0078 

446-1 

20.28 

3.04 

0.0575 

0.0239 

446-2 

20.13 

2.88 

0.0580 

0.0250 

324 

23.71 

3.35 

0.0674 

0.0290 

320-1 

15.89 

1.85 

0.0474 

0.0228 

320-2 

15.86 

1.80 

0.0474 

0.0230 

316-1 

9.82 

1.31 

0.0281 

0.0125 

316-2 

9.77 

1.26 

0.0281 

0.0127 

311-2 

9.51 

1.25 

0.0281 

0.0128 

305-2 

5.93 

0.70 

0.0168 

0.0079 

220 

8.03 

0.89 

0.0238 

0.0116 
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indicate  the  magnitude  of  shear  stress  sustained  by  this  alloy  at  9.7  GPa  to  be  1.3 
GPa.  This  may  indicate  that  the  influence  of  the  pressure  dependence  of  /x  is  mini¬ 
mal  to  at  least  10  GPa.  However,  these  results  need  to  be  confirmed  independently 
by  carrying  out  shock  re-shock  experiments  in  93W  as  done  by  Asay  et  al.  (1980)  or 
of  the  type  reported  by  Dandekar  et  al.  (1988)  and  Dandekar  (1994)  and/or  by 
determining  the  hydrodynamic  compression  of  93W  by  conducting  compression- 
shear  experiments. 

4.3.  Release  characteristic 

The  character  of  initial  release  of  the  shock  compressed  state  due  to  arrival  of 
rarefaction  from  the  free  surface  of  the  specimens  can  be  discerned  through  calcu¬ 
lations  of  release  impedance  from:  (i)  the  value  of  release  wave  velocity  derived  from 
the  pulse  width  of  the  shock  compression  pulse  and  the  density  at  the  peak  com¬ 
pressive  stress  and  (ii)  the  measured  values  of  the  peak  stress  and  release  stress  and 
respective  particle  velocities.  The  measured  value  of  release  stress  at  the  specimen- 
PMMA  interface  is  obtained  from  the  Hugoniot  of  PMMA.  The  values  of  leading 
edge  release  stress  wave  velocities  and  the  values  of  impedance  calculated  in  the 
aforementioned  manner  are  given  in  Table  4.  In  this  table,  a  totally  stress  free  state 
in  an  experiment  occurs  when  the  alloy  specimen  in  that  experiment  was  not  bonded 
to  a  PMMA  disk.  The  magnitudes  of  release  wave  velocities  are  very  close  to  the 
longitudinal  wave  velocity,  indicating  that  the  initial  release  in  this  alloy  is  attained 
elastically. 

4.4.  Tensile  impedance  and  spall  threshold 

The  tensile  impedance  of  93W  was  obtained  by  conducting  the  new  experiment 
described  in  Section  3.  The  results  of  three  experiments  conducted  to  obtain  the 
value  of  tensile  impedance  of  93W  are  given  in  Table  6.  Based  on  the  shock  and 
release  response  of  the  alloy,  the  peak  values  of  impact  stresses  were  selected  so  that 
tensile  stress  due  to  the  interaction  of  release  waves  propagating  in  the  93W  target 
would  be  generated  through  plastic  deformation.  Experimental  difficulties  prevented 
the  carrying  out  of  an  experiment  where  the  tensile  condition  in  93W  would  have 
been  attained  through  elastic  release  completely.  The  values  of  tensile  impedance  of 
93W  when  preshocked  between  7  and  20  GPa  vary  from  64  and  76  Gg/m^  s.  Dandekar 


Table  6 

Measured  values  of  free  surface  velocities,  particle  velocities  at  the  specimen-PMMA  interface,  and  values 
of  tensile  impedance  of  93W  at  various  peak  stresses 


Experiment 

U2 

(km/s) 

(km/s) 

W3 

(km/s) 

ua 

(km/s) 

Tensile  impedance 
(Gg/m^  s) 

Peak  stress 
(GPa) 

501 

WBM 

0.113 

m 

0.096 

64.9 

7.14 

320 

0.3399 

Brai 

0276 

64.1 

15.87 

316 

WBM 

0.175 

WSSM 

0.150 

162 

9,80 
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and  Weisgerber  (1998)  showed  that  with  1%  error  in  the  measurement  of  particle 
velocity  by  means  of  VISAR,  the  uncertainty  in  the  values  of  the  tensile  impedance 
is  ±  10  Gg/m^  s.  These  values  are  close  to  the  bulk  impedance  71.7  ±  1.8  Gg/m^  s  of 
93W.  In  other  words,  these  values  suggest  that  the  tensile  stress  states  in  93W  were 
generated  following  the  expected  plastic  deformation  history. 

The  values  of  spall  threshold  of  93W  are  given  in  Table  7,  both  as  a  function  of 
compressive  pulse  width  and  impact  stress.  It  is  worth  noting  that  the  observed 
magnitudes  of  pull-back  particle  velocities,  irrespective  of  pulse  width  and  impact 
stress  are  around  0.05  km/s.  This  implies  that  the  spall  strength  of  93 W  as  measured 
by  pull-back  particle  velocity  is  invariant  based  on  the  limited  number  of  experi¬ 
ments  performed  in  this  work.  Considering  this  and  the  fact  that  errors  of  mea¬ 
surement  associated  with  the  values  of  tensile  impedance,  it  is  reasonable  to  convert 
the  pull-back  particle  velocities  by  multiplying  half  their  value  with  an  average  value 
of  the  tensile  impedance  to  calculate  the  values  of  spall  threshold  in  terms  of  stress 
(Table  7).  The  value  of  spall  threshold  varies  between  1.7  and  2  GPa,  less  than  the 
magnitude  of  its  HEL  (i.e.  2.8  GPa).  In  this  regard  93W  differs  from  other  ductile 
metallic  materials  and  alloys  in  that  their  spall  threshold  values  exceed  their  HEL. 


5.  Shock  response  of  93W,  90W,  W-2,  and  polycrystalline  tungsten 

5.1.  Elastic  deformation 

Deformation  behavior  of  93W,  93W(A),  90W,  W-2,  and  polycrystalline  tungsten 
(W)  under  plane  shock  wave  propagation  is  summarized  in  Table  8.  It  should  be 
noted  that  the  ratio  of  Ni  and  Fe  in  these  alloys  is  7:3,  even  though  actual  weight 
percentage  of  these  elements  differs  in  these  three  tungsten  alloys.  Further  these 
materials  are  composites  rather  than  well  defined  alloys  because  they  consist  of  two 
phases,  namely,  a  nearly  spherical  grains  of  body-centered-cubic  tungsten  phase 
surrounded  by  a  face-centered-cubic  matrix  phase  composed  of  W,  Ni,  and  Fe  or, 
W,  Ni,  Fe,  Cu,  and  Co.  The  composition  of  the  matrix  phase  is  dependent  upon  the 
ratio  of  Ni  to  Fe  in  these  alloys.  The  Hugoniot  of  the  matrix  phase  remains  unavailable. 


Table  7 

Spall  threshold  of  93W 


Experiment 

Pulse  width 
(MS) 

Impact  stress 
(GPa) 

Pull  back  particle  velocity 
(km/s) 

Spall  threshold 
(GPa) 

501 

0-35 

7.14 

0.053 

1.8 

446-2 

0.766 

20.1 

0.056 

1.9 

324 

1.15 

23.71 

- 

2.0 

320 

1.15 

15.87 

0.057 

2.0 

316 

1.15 

9.80 

0.055 

1.9 

311-2 

1.15 

9.51 

- 

2.0 

305-2 

0.54 

5.93 

- 

2.0 

220 

1.40 

8.03 

0.051 

1.7 
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Without  the  expected  values  of  HEL  or  volumetric  compression  of  these  alloys  to 
examine  validity  of  any  specific  model  for  composites  the  only  possible  observation 
that  can  be  made  under  the  circumstance  is  that  the  HEL  of  polycrystalline  tungsten 
is  lowered  when  it  is  alloyed  but  does  not  appear  to  be  correlated  progressively  with 
either  the  amount  of  tungsten  phase  or  the  amount  of  the  matrix  phase.  For  example, 
whereas,  the  HEL  of  93W  is  found  to  be  2.76  ±  0.26  the  HEL  of  90W  is  reported  to  be 
1.5  ±0.4  GPa  by  Hauver  (1980)  and  2.62-3.1  GPa  by  Chang  and  Choi  (1998),  respec¬ 
tively.  The  HEL  of  polycrystalline  W  is  3.6  ±0.1  GPa  (Asay  et.  al.,  1980).  Additionally, 
the  HEL  of  swaged  or  annealed  93W  do  not  seem  to  differ  significantly  from  one 
another  (Table  8). 

5.2.  Inelastic  response  and  volumetric  compression 

Rabin  and  German  (1988)  showed  that  increasing  tungsten  content  in  W  compo¬ 
sites  results  in  strengthening  and  drastic  decrease  in  the  ductility  of  the  alloy.  Two 
measures  of  ductility  of  a  material  under  plane  shock  loading  are  magnitudes  of 
shear  stress  sustained  under  shock  compression  and  spall  threshold  under  shock 
induced  tension.  The  results  presented  in  this  work  tends  to  bear  out  the  observa¬ 
tions  of  Rabin  and  German  (1988)  but  not  completely.  The  magnitude  of  shear 
stress  sustained  in  polycrystalline  W  (Asay  et  al.,  1980)  and  93W  when  shocked  to 
9.7  GPa  are  0.8  and  1.3  GPa,  respectively  (Table  8).  However,  the  shear  stress  sus¬ 
tained  in  W2  is  only  0.5  GPa.  The  data  reported  by  Baoping  et  al.  (1994)  on  93W(A) 
does  not  permit  calculation  of  the  shear  stress  sustained  by  the  alloy  under  shock 
wave  propagation.  The  same  holds  true  for  the  data  reported  for  90W  by  Hauver 
(1980)  and  Chang  and  Choi  (1998). 

The  volumetric  compressions  of  these  alloys  and  polycrystalline  tungsten  under 
shock  are  shown  in  Fig.  6.  The  qualitative  aspect  of  this  figure  shows  that  tungsten 
alloys  are  more  compressible  than  the  unalloyed  tungsten.  The  volumetric  com¬ 
pression  of  90W  reported  by  Hauver  (1980)  and  Chang  and  Choi  (1998)  are  con¬ 
sistent  with  one  another.  These  results  indicate  that  alloying  tungsten  with  an 
increasing  amount  of  nickel  and  iron  makes  it  relatively  more  compressible.  Lack  of 
the  Hugoniot  data  for  the  matrix  phase  of  these  tungsten  alloys  prohibits  calcula¬ 
tions  of  the  compressibility  curves  for  them.  Any  generalization  based  on  the 


Table  8 

Summary  of  deformation  behaviors  of  polycrystalline  tungsten  (W),  93W,  93W(A),  90W,  and  W-2 


Units 

W 

93W 

93W  (A) 

90W 

90W 

W-2 

Asay  et  al. 

Baoping  et  al. 

Hauver 

Chang  and 

Gaeta  and 

(1980) 

(1994) 

(1980) 

Choi  (1998) 

Dandekar  (1988) 

HEL 

GPa 

3.6±0.1 

2.76  ±0.26 

2.0-3.3 

1.5  ±0.4 

2.62 

2.02-1.15 

Deformation 

Some  loss  of 

Elastic-plastic  Not  reported 

Elastic-plastic  Not  reported  Elastic-plastic 

above  the  HEL 

shear  strength 

Shear  stress  at 

GPa 

0.8 

1.27  ±0.06 

Not  reported 

Not  reported 

Not  reported  0.5 

impact  stress 

10  GPa 

Spall  threshold 

GPa 

0.42-0.66 

1. 8-2.1 

0.54-3.04 

No  data 

3.7-5.6 

No  data 
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observed  shock  compressions  of  metals  and  their  alloys  are  not  applicable  to  the 
compression  behaviors  of  these  W  alloys  because  of  their  composite  nature. 

5.3.  Spall  strength 

The  spall  strengths  of  polycrystalline  W  (Asay  et  al.,  1980)  and  93W  are  0.4-0. 6 
and  1.9  ±0.4  GPa,  respectively.  Zurek  and  Gray  (1991)  reported  spall  strength  of  0.4 
GPa  for  polycrystalline  W(recrystallized)  and  0.8  GPa  for  cold  rolled  W.  Baoping  et 
al.  (1994)  report  that  spall  strength  of  93W(A)  increases  from  0.54  to  3  GPa  when  it 
is  increasingly  shocked  between  21  and  30  GPa.  Subjected  to  a  further  increase  in 
the  stress  its  spall  strength  decreases  to  1.56  GPa  at  32  GPa.  The  present  data  on 
93W  does  not  show  any  change  in  the  value  of  its  spall  strength  when  subjected  to  a 
stress  between  5.9  and  24  GPa.  Similarly,  Chang  and  Choi  (1998)  report  that  the 
spall  strength  of  90W  increases  from  3.74  to  5.6  GPa  when  subjected  to  increasing 
impact  stress  from  5.52  to  23  GPa.  Zurek  and  Gray  (1991)  reported  the  spall 
strength  of  90W-7Ni-3Fe  to  be  3. 4-3. 8  GPa  when  shocked  to  15  GPa.  Thus  under 
tension  alloyed  tungsten  exhibits  more  ductility  than  unalloyed  polycrystalline  W. 
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And  in  the  case  of  90W,  its  spall  strength  is  actually  higher  than  the  value  of  its  HEL 
as  in  other  ductile  metals  and  alloys.  However,  the  spall  strength  of  93W  is  lower 
than  its  HEL  (Table  8).  No  spall  data  are  available  for  W-2  to  compare  with  these 
results.  One  possible  reason  for  the  observed  trend  in  the  spall  strengths  of  tungsten 
and  its  alloys  may  be  as  follows.  The  poor  ductility  of  polycrystalline  tungsten  is 
reflected  by  its  high  HEL,  progressively  lower  magnitude  of  shear  stress  sustained  under 
shock  compression  i.e.  resistance  to  plastic  flow.  Physical  implication  of  a  loss  of  shear 
strength  under  plane  shock  wave  loading  in  metallic  material  remains  unclear.  How¬ 
ever,  if  the  flow  stress  level  in  polycrystalline  W  exceeds  the  grain  boundary  fracture 
stress  it  could  lead  to  intergranular  fracture  which  may  lead  to  a  low  spall  threshold 
value  (Zurek  and  Gray,  1991).  Zurek  and  Gray  (1991)  showed  that  whereas  fracture 
morphology  of  the  recovered  W  (recrystallized)  is  intergranualar  the  morphology  of 
cold  rolled  W  is  due  to  cleavage.  The  weakest  link  in  tungsten  alloyed  with  Ni,  Fe,  and 
other  elements  is  W-W  interface  so  that  the  fracture  of  W-W  interface  is  relatively 
easier  than  of  a  W  grain.  Thus,  ductility  of  the  matrix  phase  (M)  and  the  bond  strength 
of  W-M  interface  dictates  the  ductility  of  the  alloy.  Baoping  et.  al.  (1994)  reported 
that  recovered  annealed  93W  when  shocked  between  21  and  32  GPa  show:  (i)  no 
change  in  the  area  of  W-W  interface  separation  (20%)  with  shock  stress,  (ii)  W-M 
interface  separation  had  a  minima  around  30  GPa,  and  (iii)  the  remaining  fracture 
modes  due  to  M-M  separation  and  cleavage  of  W  grains  had  maximum  at  30  GPa. 
Baoping  et.  al.  (1994)  thus  surmised  that  the  annealed  93W  retained  significant 
ductility  to  30  GPa  above  which  it  became  brittle,  and  thus  providing  explanation  for 
the  observed  increase  in  the  spall  strength  of  the  annealed  93W  from  0.54  to  3.04  GPa 
when  shocked  between  21  and  30  GPa,  and  the  reduction  of  its  spall  strength  to  1.56 
GPa  when  shocked  to  32  GPa.  Further,  they  attributed  the  onset  of  brittleness  in  the 
annealed  93W  to  formation  of  a  new  phase  of  composition  75W-15Ni-10Fe  at  the  W- 
M  interface  at  32  and  higher  GPa.  In  the  present  work,  we  were  unable  to  recover  any 
material  for  post  shock  examination.  Hence,  we  cannot  confirm  whether  the  above 
explanation  also  holds  for  swaged  93  W  used  in  the  present  work.  But  if  we  restrict 
our  attention  to  the  shock  response  of  the  both  the  annealed  and  swaged  93W  to  24 
GPa,  the  spall  threshold  values  of  the  swaged  and  the  annealed  material  are  1 .9  ±  0.4 
GPa,  and  less  than  1  GPa,  respectively.  These  values  are  less  than  the  respective 
HELs  of  these  two  93W.  Thus,  it  is  difficult  to  provide  a  satisfactory  explanation  for 
the  observed  low  spall  strength  of  93W  in  spite  of  the  observed  ductility  under  shock 
compression  without  performing  shock  wave  experiments  on  the  matrix  phase 
material  and  examination  of  shock  recovered  matrix  phase  material  and  93W. 


6.  Summary 

The  shock  response  of  polycrystalline  tungsten  and  its  alloys  may  be  summarized 
as  follows: 

1 .  Hugoniot  elastic  limits  of  tungsten  are  lowered  through  alloying  it  with  nickel 
and  iron. 
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2.  Alloying  tungsten  makes  it  ductile  under  shock  compression,  and  as,  a  con¬ 
sequence,  it  sustains  larger  shear  stress  than  the  pure  polycrystalline  tungsten. 

3.  Another  consequence  of  ductility  of  a  tungsten  alloy  is  manifested  by  an 
increase  in  spall  threshold  of  the  alloy  compared  to  the  pure  polycrystalline 
tungsten. 

4.  Volumetric  compression  of  tungsten  alloys  tends  to  increase  at  a  given  stress  as 
the  weight  percentage  of  tungsten  in  the  alloy  is  decreased. 
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